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I. INTRODUCTION
A N ANTENNA system consisting of a central activated element and parasitic elements, shown in Fig. 1(a) , was proposed in 1978 [1] . This system, designated as the dipole/dipoles, was investigated to obtain a directive beam using reactive loads attached to the parasitic elements.
The antenna systems in [2] and [3] are similar to the antenna system in [1] , where parasitic elements are controlled using switching circuits instead of reactive loads. The switching circuit allows the end of the parasitic element to be opencircuited or short-circuited to the ground plane (GP) (O-state or S-state). The antenna system published in 2000 [4] , [5] , designated as the electrically steerable passive array radiator, is an extension of the antenna in [1] and is composed of parasitic elements (each has a variable reactor) and a central activated antenna. Formation of a radiation beam and a null were discussed. It was found that the gain increased when a circular GP with a skirt [6] was used.
In addition to the abovementioned beam-steering antennas, so far, numerous beam-steerable antennas have been presented and discussed in [7] - [18] . [7] . (c) Patch/Ys [8] .
(d) Small shorting-disk/Ts [9] , where the upper round plate of the central fed element has a small radius of D UP /2 = 0.12 wavelength and is shortedcircuited to the GP by four pins. (e) Small mushroom/mushrooms in [10] , where the upper round plate of the central fed element has a small radius of D UP /2 ≈ 0.11 wavelength.
Antennas used for modern communication systems are often required to have the following: 1) a small antenna height of less than one-quarter wavelength (λ/4); 2) a constant reconfigurable high gain, preferably greater than 9 dBi (≈ dipole gain +7 dB) in multidirection across an azimuth range of 0°≤ φ ≤ 360°at a fixed elevation angle θ ; 3) a simple structure that provides reconfigurable functions not using reactive loads and phase shifters.
There is a strong need to meet these three requirements, for example, for antenna systems that are to be attached to the ceiling of a room or the roof of a vehicle. The dipole/dipoles in Fig. 1 (a) [1] has a height of onehalf wavelength. The antenna systems using the monopoles in [2] - [6] , [11] , and [12] have an antenna height of one-quarter wavelength (λ/4) or approximately λ/4. These systems do not satisfy the height criterion in (1) .
One technique for reducing the antenna height is to fold the parasitic elements, as shown in Fig. 2 in [13] and Fig. 1 in [14] . However, the gain for these antenna systems is low (less than 5 dBi) and does not meet the targeted gain requirement in (2) . A low gain is also a characteristic of the patch/patches in Fig. 1 (b) [7] , the patch/Ys in Fig. 1 (c) [8] , the small shorting-disk/Ts in Fig. 1(d) [9] , and the array in [10] , although the small antenna height requirement in (1) is met. Note that antennas in [15] - [18] adopt microstrip structures and meet the small antenna height requirement, but they do not fulfill the targeted gain requirement across the desired beamsteering range.
To the best of our knowledge, there have not been high-gain beam-steerable/reconfigurable antennas for multiazimuthal directions with a small antenna height of less than λ/4. From this, this paper proposes a novel antenna system composed of an open radial waveguide (RadWG) and T-shaped parasitic elements with small height, O-RadWG/Ts, where the electromagnetic proximity-coupling (EM-ProxCoP) is used between the edge of the open RadWG and the parasitic T-shaped elements. The novel antenna system obviously differs from reconfigurable antenna systems that use "free-space coupling" to excite several parasitic elements by a central activated element [a representative example is shown in Fig. 1(a) ]. In addition, the novel antenna has a high-gain reconfigurable function in 16 directions without attaching reactive loads and phase shifters to parasitic elements.
One comment is made here, focusing on an inner section constituting the small shorting-disk/Ts in Fig. 1(d) , which we created in 2006 [9] . This inner section is made of a pin-shorted small disk (radius D UP /2) fed by a central monopole, designated as the small shorting-disk monopole antenna. Fig. 26 in the Appendix shows the radiation pattern, VSWR, and directivity for the small shorting-disk monopole antenna as a function of the radius of an upper round plate D UP /2. The VSWR is changed with a change in D UP /2, but the radiation pattern (and hence directivity) is almost unchanged. Note that, when D UP /2 = 0, the small shorting-disk monopole antenna becomes a simple isolated monopole without an upper round plate and four pins. It is found that the small shorting-disk monopole antenna almost maintains the radiation pattern and directivity for the simple isolated monopole (D UP /2 = 0). This means that the upper round plate less contributes to forming the radiation pattern (and hence the directivity). In other words, the current on the small upper round plate (radius of 0.12 wavelength in [9] ) is not a major source to form the radiation. Note that this kind of almost unchanged radiation pattern (and hence almost unchanged directivity) is also found in the activated central antenna with the top-loading small disk shown in Fig. 1(e) [10] .
In contrast, the newly proposed O-RadWG/Ts in this paper does not use pin-shorted disk unlike the small shorting-disk/Ts in Fig. 1(d) . In addition, the upper round plate for the O-RadWG/Ts has a large radius (of D UP /2 ≈ half the wavelength, forming an O-RadWG) and is used to constructively form a desirable radiation pattern that leads to high gain, not obtained by the conventional antenna in Fig. 1(d) . The O-RadWG/Ts can steer the beam in multidirection (16 directions) with reconfigurability in the radiation pattern, gain, and VSWR. The antenna structure (with an open RadWG, not a small disk), design concept, and radiation pattern formation for the O-RadWG/Ts differ from those for the antennas in [9] and [10] . Realization or possibility of forming 16 reconfigurable beams has not been discussed in [9] and [10] (which have basically four beams).
This paper consists of seven sections. Section II shows the design procedure and mechanism of a proposed reconfigurable antenna system. Section III illustrates an evolution from conventional free-space coupling beam-steering antenna to a novel EM-ProxCoP beam-steering antenna, where 16 T-shaped parasitic elements surround a central activated antenna element. The role of the large upper round plate for the EM-ProxCoP is clarified using the N4 integral equation [19] with the method of moments (MoM) [20] and an EM simulation solver based on a finite integration technique (FIT) [21] . Section IV reveals the effects of the configuration parameters on the O-RadWG/Ts antenna characteristics. Based on the parameter study in Section IV, a 16-direction beam-steering O-RadWG/Ts system is fabricated and measured in Section V. Section VI summarizes the state of T-shaped elements for 16 steered beams. Finally, Section VII summarizes the obtained results on the O-RadWG/Ts.
II. DESIGN PROCESS AND RADIATION MECHANISM
For a unidirectional steerable beam in the azimuth direction ranging from φ = 0°to 360°, a circular array system is adopted. Fig. 2 shows a system composed of N ac elements [N ac = (2m + 1): m = 1,2, …], where one element is on the negative x-axis. These elements, each having dimension T VER in the vertical direction (z-direction) and dimension 2T HOR in the horizontal direction, are resonant-type elements and located on a circle of radius D T /2 in the xy plane (GP). The space angle between neighboring elements is uniform and denoted as . The elements are activated in phase with the same amplitude.
The first step in the system design is to calculate the array factor pattern in the xy plane of Fig. 2 with the number of activated elements N ac as a parameter. For this, From the calculated array factor patterns (see Fig. 25 , an example in the Appendix), the number of array elements that provides a narrow bidirectional pattern in the ±x-direction, N ac ≡ N op , is determined, which is needed to realize high gain. Note that the bidirectional pattern is changed to a unidirectional pattern toward the negative x-direction through the following step.
In the second step, the antenna system in Fig. 2 is modified to an antenna system shown in Fig. 3(a) , where one large element is newly introduced, which occupies a shadowed area. This introduced element is activated by a central z-directed wire at the coordinate origin, while the previously activated The structure of the N sh parasitic elements is the same as that of the N op nonactivated elements. However, the state of the bottom end of the N sh elements (short-circuited to a GP, S-state, as will be described in Section III) differs from that of N op elements (open-circuited to a GP, O-state, as will be described Section III). These N sh parasitic elements act as reflectorfunction elements for the N op elements, thereby changing the bidirectional radiation into unidirectional radiation toward the negative x-direction. Consequently, a high-gain beam is obtained.
Note that the antenna structure is symmetric with respect to the z-axis. Therefore, a high-gain beam can be steered in M T directions by changing the position of consecutive N op O-state elements and the remaining N sh S-state elements. This will be more clearly shown later in Section VI.
III. EVOLUTION TO OPEN RADIAL WAVEGUIDE WITH T-SHAPED ELEMENTS (O-RADWG/TS)
Based on the discussion in Section II, the radial structure is embodied. Section III-A presents the radiation pattern for the O-RadWG/Ts, comparing those for the other three antenna systems. Subsequently, Sections III-B and III-C reveal the effects of the upper round plate for the O-RadWG/Ts on the radiation pattern, gain, and VSWR. Fig. 5 shows the radiation pattern for the O-RadWG/Ts, together with those for other three antenna systems, where the bottom end of T-shaped five elements 7, 8, 9, 10, and 11 is open-circuited to the GP (O-state) and the remaining eleven T-shaped elements are short-circuited to the GP (S-state): N op = 5 and N sh = 11. These numbers N op and N sh are determined, based on the design process in Section II. The analysis/simulation is performed using the MoM [20] with the N4 integral equation [19] and the FIT [21] , where the GP is assumed to be of infinite extent. It is found that all antenna systems form the radiation beam in the negative x-direction.
A. Radiation Patterns
The radiation pattern for the Grid-Plate/Ts is found to be almost the same as that for the O-RadWG/Ts with a 
B. Contribution of the Upper Round Plate for the O-RadWG/Ts to the Radiation Pattern
It is worth investigating how the total radiation field in Fig. 5(d) is formed by the antenna system elements. For this, two partial radiation fields are calculated using the currents obtained from the MoM analysis: one is the partial radiation field from the upper round plate for the O-RadWG/Ts E UP , and the other is the partial radiation field from the compound of the central monopole and the T-shaped elements E M+T . The total radiation field E is the vector sum of E UP and E M+T , i.e., E = E UP + E M+T . Fig. 6(a) shows the partial radiation field E UP , and Fig. 6 (b) shows the partial radiation field E M+T . For convenience, the radiation field in Fig. 5(d) is again shown in Fig. 6(c) , as the total radiation field E. It is found that E M+T is similar to E. This means that a basis for the total radiation field is E M+T , i.e., the partial radiation field from the compound of the central monopole and T-shaped elements.
Note that E M+T in Fig. 6 (b) differs from the radiation field shown in Fig. 5(a) , although both the structures are the same. This is due to the presence of the upper round plate, which changes the initial current distribution along the central monopole and the T-shaped parasitic elements shown in Fig. 5(a) .
The partial radiation field from the upper round plate E UP plays an important role in forming E. In order to clarify the role of the upper round plate, we focus on the field intensity in the θ = 30°direction of the xz elevation plane with x > 0; a sidelobe exists, as shown in the xz plane of Fig. 6(b) and (c) . The sidelobe in the dominant partial radiation field E M+T of Fig. 6(b) is approximately −3 dB, while the sidelobe in the total radiation field E in Fig. 6(c) is less than −10 dB, due to the presence of the upper round plate.
The reduction/improvement to a value of less than −10 dB is attributed to the following fact. The phase of E M+T in the θ = 30°direction is −68.1°, while the phase of E UP in the same direction is −241.3°. Hence, the difference between these phases is 173.2°, which is close to 180°. This means that |E| = |E UP + E M+T | < |E M+T | in the θ = 30°direction, leading to a reduced sidelobe in the total radiation pattern. It follows that the upper round plate contributes to sidelobe reduction.
A similar reduction occurs in the 30°direction of the xz elevation plane with x < 0. The phase of E M+T is 32.9°, and the phase of E UP is −109.2°. As a result, the total radiation |E UP + E M+T | becomes smaller than the dominant partial radiation |E M+T |, i.e., |E| = |E UP + E M+T | < |E M+T | in the θ = 30°direction.
Note that the elevation-plane radiation pattern for the O-RadWG/Ts in Fig. 6(c) is narrower, compared with that for the monopole/Ts (conventional structure) in Fig. 5(a) , where the upper round plate is absent. The narrower radiation pattern for the O-RadWG/Ts becomes a factor that leads to a higher gain, compared with the gain for the monopole/Ts.
The further contribution of the upper round plate is found in the azimuth-plane radiation pattern. The azimuth-plane radiation pattern in Fig. 6(c) for the O-RadWG/Ts has a narrower beamwidth than that in Fig. 5(a) for the monopole/Ts (which has no upper round plate). This comparison straightforwardly illustrates that the narrowness is caused by the upper round plate.
This section has shown that the upper round plate, which is newly introduced into the monopole/Ts in Fig. 4(a) to construct the O-RadWG/Ts in Fig. 4(d) , contributes to reducing the sidelobe level in the elevation plane and narrowing the beamwidth in both the elevation and azimuth planes. Note that the same results regarding the radiation pattern are obtained for the grid-plate/Ts.
C. Contribution of the Upper Round Plate for the O-RadWG/Ts to the Gain and VSWR
As mentioned in Section III-B, the radiation pattern is improved by the upper round plate. From this, we can infer an increase in the gain. In order to clarify the effect of the upper round plate on the gain, Fig. 7 shows a comparison of the frequency response of the gains for the O-RadWG/Ts and the monopole/Ts resulting from the removal of the upper round plate from the O-RadWG/Ts. The comparison reveals that the upper round plate has a constructive effect on the gain at the design frequency of 4.2 GHz. The gain in the beam direction (the negative x-direction) is greater than the targeted gain 9 dBi at the design frequency, which is approximately 2 dB higher than the gain for the monopole/Ts in Fig. 5(a) .
Analysis/simulation is also devoted to revealing the effect of the upper round plate for the O-RadWG/Ts on the input characteristic in terms of the VSWR. Thus, contributions of the upper round plate to the radiation pattern, gain, and VSWR have been clarified, where a technique of EM-ProxCoP is used between the RadWG and T-elements.
IV. PARAMETER STUDY FOR THE O-RADWG/TS
We investigate the effects of the O-RadWG/Ts structural parameters on the antenna characteristics. The horizontal section of the T-shaped element in this section is made of a conducting strip of width w and length 2T HOR , as shown in Fig. 9 , for easiness of fabrication. The parameters fixed throughout this section are presented in Table I , where M T denotes the total number of T-shaped elements, as denoted in Section II:
The parameters (H = T VER , T HOR , D GP , D UP , N op ) are varied subject to the objectives of the analysis/simulation, where H is the antenna height, already defined in Fig. 4(e) , which equals the height of the T-shaped element T VER ; D GP and D UP denote the GP diameter and the upper round plate diameter, respectively. Note that 2a F denotes the diameter of the center wire feeding the RadWG, as defined in Fig. 4 
(e).

A. Antenna Height H
We reveal the effects of antenna height H = T VER on the antenna characteristics. In this section, the upper round plate diameter is fixed to be D UP = 70 mm and the GP diameter is Table I . The bottom end of T-shaped elements (7, 8, 9, 10, and 11 ) is open-circuited.
has a bandwidth of approximately 6%. Note that a height of H = 18 mm corresponds to λ 4.2 /4, where the horizontal section of the T-shaped element does not exist (i.e., length 2T HOR = 0), hence the T-shaped element has a simple pole structure.
The change in the radiation pattern is shown in Fig. 11 . The radiation in the xz elevation plane has a maximum intensity in the negative x-direction, with similarly shaped radiation patterns for the different heights. The radiation in the xy azimuth plane is also found to have a maximum intensity in the negative x-direction. There is no abrupt change in the azimuth-plane radiation with change in antenna height H ; no abrupt change is held for the elevation-plane radiation. (7, 8, 9, 10, and 11) in O-state and the parameters in Table I . Fig. 12(a) and (b) shows the frequency response of the gain and VSWR, respectively. It is found that the maximum gain at a frequency of greater than or equal to 4.2 GHz exceeds the targeted gain 9 dBi. It is also found that, as the upper round plate becomes larger, the minimum-VSWR frequency, at which D UP is approximately one wavelength, becomes lower. It is desired that the maximum gain be within the VSWR bandwidth. This happens for D UP = 70 mm = 0.98λ 4.2 .
B. Upper Round Plate Diameter D U P
Effects of the
C. Ground Plane Diameter D G P
The investigation in Sections IV-A and IV-B is performed assuming that the GP is of infinite extent: D GP = ∞. This section investigates how the GP affects the antenna characteristics, using parameters (H = T VER , T HOR , D UP , D GP , N op ) = (13 mm, 5 mm, 70 mm, varied, 5) and the parameters in Table I , with O-state T-shaped elements (7, 8, 9, 10, and 11) . Note that the value of the upper round plate diameter, D UP = 70 mm, is chosen from the result in Section IV-B.
As shown in Fig. 13 , the VSWR values are very close to the VSWR for a GP of infinite extent. However, as can be seen from Fig. 14 , the radiation pattern in the xz elevation plane is remarkably changed by the diffraction caused by the [22] . C 1 = 100 pF, C 2 = 1000 pF, R 1 = R 2 = 100 , l 1 = 3.9 mm, w 1 = 2.5 mm, l 2 = 9 mm, w 2 = 0.9 mm, and w 3 = 0.48 mm. T-shaped elements are within polystyrene form and invisible. finiteness of the GP. As the GP diameter D GP is increased, the beam direction shifts toward the horizontal plane. Note that the direction of the maximum radiation in the xy azimuth plane remains unchanged, i.e., always in the negative x-direction. Table I , where D GP = 150 mm is chosen from Section IV-C. Table II shows the state of the T-shaped elements; "O" and "S" denote that the end of the T-shaped element is open-circuited (O-state) and short-circuited (S-state), respectively. N op = 0 describes a situation where all T-shaped elements are in S-state; N op = 1 describes a situation where only T-shaped element 9 is in O-state; N op = 3 describes a situation where three T-shaped elements 9 and 9 ± 1 are in O-state; N op = 5 describes a situation where five T-shaped elements 9, 9 ± 1, and 9 ± 2 are in O-state; …; N op = 16 describes a situation where all T-shaped elements 9, 9±1, 9±2, 9±3, . . . , 9±7, and 1 are in O-state. The T-shaped elements other than the open-circuited T-shaped elements are short-circuited to the GP. It is found that the radiation for N op = 5 is most directive with small backward radiation in the positive x-direction.
D. Number of O-State T-Shaped Elements N op
The radiation patterns in the xz elevation plane for N op = 5 and N op = 16 are shown in Fig. 16 , where N op = 16 means that all T-shaped elements are in O-state, as described above. Comparison of the radiation pattern in Fig. 16(a) with that in Fig. 16(b) shows that the eleven S-state T-shaped elements behind the five O-state T-shaped elements contribute to reducing the backward radiation (in the positive x-direction) generated from both the five O-state T-shaped elements and the feed probe. In other words, the eleven T-shaped elements in S-state behave as a reflector.
V. EXPERIMENTAL WORK A. Manual Operation for Open-and Short-Circuited Elements
Based on the investigations in Section IV, an O-RadWG/Ts system is fabricated, where the parameters in Table I and (H = T VER , T HOR , D UP , D GP , N op ) = (13 mm, 5 mm, 70 mm, 150 mm, 5) are used with O-state T-shaped elements (7, 8, 9, 10, and 11) . Fig. 17(a) shows the fabricated antenna, where the UP denotes the open upper round plate for a RadWG, which is made of an aluminum film. The parasitic T-shaped element is made of a cupper film. The UP and T-shaped elements are supported by polystyrene form (relative permittivity ε r ≈ 1). The GP is made of an aluminum film. A vertical wire, connected to the inner conductor of a 50 coaxial line, passes through the polystyrene form and is connected to the center point of the UP to activate the RadWG.
Note that the O-state situation is approximated by introducing an air gap of 0.1 mm between the end of T-shaped element and the GP; the S-state situation is obtained by connecting the end of T-shaped element to the GP using silver paste. Fig. 17(b) shows the frequency response of the VSWR. The bandwidth for a VSWR = 2 criterion is approximately 6%, which is suitable for narrowband communications. The experimental results confirm the analysis/simulation results of the VSWR. Confirmation is also found in Fig. 18 , where the radiation pattern at frequencies around the design frequency 4.2 GHz is presented. The cross-polarization component E φ is small relative to the co-polarization component E θ .
The beam direction is less sensitive to frequency, with a value of approximately (θ , φ) = (50°, 180°). Hence, the gain in the beam direction is also expected to be less sensitive. This is confirmed in Fig. 19 . Fig. 20(a) shows the block diagram for electronic operation of the O-RadWG/Ts, whose upper round plate and T-shaped elements are made of copper material. A GaAS monolithic microwave integrated circuit-based single-pole single-throw failsafe switch [22] makes O-state and S-state. Fig. 20(b) shows switch control circuits printed on the surface of an FR4 dielectric substrate (relative permittivity ε r = 4.3 and thickness B = 1.6 mm). One port of the switch is connected to the T-element (T) and other port is contacted to the GP. A small single-board digital computer, Raspberry Pi3 [23] provides the supply voltage (V DD ) of 3.3 V and a switching control voltage (V ctl) of 3.2 V to the switching circuit. When V ctl = 0 V, the switch is "OFF" and provides an O-state (reflective open) between the two switching ports. The switch is "ON" when V ctl = 3.2 V and provides an S-state between the GP and T-element. The switching control voltages are controlled by a graphical user interface (GUI) developed using Python programming language. The GUI laptop and the Pi are connected using a WiFi wave.
B. Electronic Operation
Figs. 21-23 show the VSWR, radiation pattern, and gain, respectively. The measured results are close to the Table I are used. analysis/simulation results. The gain at the design frequency 4.2 GHz is 9.12 dBi, meeting the requirement in this paper. The gain reduction from the analysis/simulation value is approximately one dB, due to switching loss.
VI. STATE OF T-SHAPED ELEMENTS FOR BEAM STEERING
The O-RadWG/Ts is symmetric with respect to the z-axis, and hence, the beam direction φ is varied by selecting O-state T-shaped elements: φ = 0°for O-state elements (15, 16, 1, 2, and 3), φ = 22.5°for O-state elements (16, 1, 2, 3, and 4) , . . . , φ = 337.5°for O-state elements (14, 15, 16, 1, and 2) . Fig. 24 illustrates the analysis result of variation in the beam direction provided by selected O-state elements. Each beam has a high gain of greater than the targeted gain 9 dBi, while maintaining the same radiation VII. CONCLUSION A novel reconfigurable antenna system based on EM-ProxCoP has been proposed to meet three requirements: 1) a small antenna height, desired to be smaller than one-quarter wavelength (λ/4); 2) a constant high gain of greater than 9 dBi in multidirection across an azimuth range of 0°≤ φ ≤ 360°at a fixed elevation angle θ ; 3) a simple structure, not using reactive loads or phase shifters for beam steering. First, the design process and radiation mechanism for a reconfigurable antenna using EM-ProxCoP are explained. Second, an evolution process to an O-RadWG/Ts system, composed of an activated RadWG and parasitic T-shaped elements, is presented. It is revealed that the upper round plate for the RadWG provides constructive effects on the radiation pattern, gain, and VSWR. Reducing the side lobes and narrowing the beamwidth lead to a gain increase. Third, effects of four major antenna system parameters on the antenna characteristics are investigated: antenna height H , upper round plate diameter D UP , GP diameter D GP , and the number of T-shaped elements in open state N op . It is found that the VSWR for 0.15λ < H < λ/4 remains almost unchanged. As D UP is increased, the VSWR band shifts toward a lower frequency region. Further findings are as follows: as D GP is increased, the beam direction moves toward the horizontal direction (θ = 90°) and the beam is most directive when N op = 5.
Based on these results, fourth, an O-RadWG/Ts system is fabricated and measured. Good agreement between the analysed and measured results is obtained. A targeted gain of greater than 9 dBi in 16 directions around the system axis (with an angle interval of 22.5°) is realized at the design frequency 4.2 GHz. The bandwidth for a VSWR = 2 criterion is approximately 6%. Thus, the measurement ensures that the O-RadWG/Ts system can steer the beam by selecting the state of the end of T-shaped elements (either opened or shorted to the GP, not using reactive loads).
APPENDIX See Figs. 25 and 26.
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